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Objective: To study whether osteoarthritis (OA) in the knee is associated with a change of the innervation
pattern in the synovial layer.
Design: In synovial tissue from the normal knee joint of rat and sheep we studied the presence of vessels
and of nerve ﬁbres using transmission electron microscopy and immunohistochemistry. Synovial ma-
terial was also obtained from patients who underwent total knee replacement surgery. This material was
examined for inﬂammatory changes, and the presence of vessels and nerve ﬁbres was assessed.
Results: The synovium in the parapatellar region of the normal knee joint of rat and sheep exhibited a
dense capillary and neuronal network. It was entered by calcitonin gene-related peptide containing
sensory ﬁbres and tyrosine hydroxylase-positive sympathetic nerve ﬁbres. Synovial material from pa-
tients with knee OA exhibited different degrees of inﬂammation. Synovial material without inﬂammation
exhibited a similar vascular and neuronal network as the normal knee joint from rat and sheep. However,
in synovium with inﬂammatory changes we found a signiﬁcant decrease of nerve ﬁbres in depth ranges
close to the synovial lining layer depending on the degree of inﬂammation whereas deeper regions were
less affected.
Conclusions: Inﬂammatory changes in the synovium of OA joints are associated with a massive
destruction of the capillary and neuronal network which is present in normal synovium. Due to the
disappearance of the sensory ﬁbres it is unlikely that OA pain is initiated directly in the synovium. The
loss of normally innervated vascularisation may have multiple consequences for the physiological
functions of the synovium.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is the most frequent cause of joint pain1,2.
However, although pain is one of the most signiﬁcant clinical
problems of OA, the pain mechanisms of OA are poorly understood.
It is unclear which structures in the joint give rise to OA pain, and
the nature of OA pain (nociceptive vs neuropathic) is a matter of
discussion3..-G. Schaible, Department of
er University, Teichgraben 8,
9-3641-938812.
e (A. Eitner), Julia.Pester@
ni-jena.de (S. Nietzsche),
nn), Hans-Georg.Schaible@
s Research Society International. PA hallmark of OA is the progressive destruction of cartilage4.
Employing near infrared spectroscopy (NIRS) we were able to
demonstrate even quantitative tissue alterations in low-grade
cartilage defects in OA in sheep5 as well as in humans6. However, in
the long-term OA is a disease of the whole joint2. The subchondral
bone is remodelled, many OA joints show signs of chronic synovitis,
and bone marrow lesions may be observed2,7e9. These multiple
changes raise the question which are the most important patho-
genic mechanisms of OA. While a major driver of OA progression is
aberrant loading or the deterioration of the underlying subchondral
bone10, many authors stress the signiﬁcance of inﬂammation and
enzymatic cartilage degradation2,8. OA joints show an aberrant
expression of inﬂammation-related and catabolic genes, nitrogen
monoxide, metalloproteinases, cyclooxygenase-2, cathepsins. These
mediators are produced by the synovium and chondrocytes which
respond to biomechanical perturbation by upregulation of the pro-
duction of proinﬂammatory cytokines, stress-induced intracellularublished by Elsevier Ltd. All rights reserved.
Table I
Data from OA patients included in the study
Patient Gender Age
(years)
BMI
(kg/m2)
KOOS ICRS (MFC/
LFC)
Symptoms Pain ADL Grade
III
Grade
IV
1 Female 52 30.1 71.43 44.44 50.00 3/3 4/0
2 Male 71 29.9 71.43 41.67 32.35 3/4 3/0
3 Female 80 32.1 35.71 27.78 26.47 4/2 1/0
4 Female 75 25.7 46.43 41.67 38.24 2/4 4/0
5 Male 78 31.8 92.86 61.11 64.71 2/4 4/0
6 Female 72 43.8 60.71 47.22 38.24 2/4 4/0
7 Male 68 30.8 32.14 27.78 33.82 4/1 0/0
8 Female 53 31.2 46.43 44.44 30.88 4/4 0/2
9 Female 62 27.5 46.43 41.67 44.12 4/4 0/0
10 Female 84 23.7 46.43 41.67 35.29 0/4 4/0
11 Female 71 32.7 46.43 36.11 38.24 4/3 0/2
12 Female 85 29.4 35.70 22.22 35.29 4/0 0/4
13 Female 71 33.3 35.70 33.33 41.18 4/4 1/0
KOOS composed of pain, function of daily living (ADL) and other symptoms. The
scores of pain (100 no pain, 0 maximal pain) and ADL (physical function, ability to
move around, 100 no impairment, 0 maximal impairment) were obtained from
evaluating activities such as walking, going up or down stairs, rising from sitting, etc.
Other symptoms: swelling, stiffness in the morning and after sitting, etc. LFC: lateral
femoral condyle, MFC: medial femoral condyle. ICRS grade III: lesions extending to
50% or more of cartilage depth but not through the subchondral bone. ICRS grade IV:
lesions extending into the subchondral bone. 0e4: estimation of lesioned cartilage
surface (0: no lesion, 1: <10%, 2: 10e25%, 3: 25e50%, 4: >50%).
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of overt inﬂammation4. Also advanced glycation end products
(AGEs) seem to play an eminent role in the pathogenesis of OA11.
The involvement of the whole joint in the disease process
stresses the question which of the pathologies actually cause pain?
It is unlikely that the cartilage destruction itself gives rise to pain
because cartilage is normally not innervated12. Imaging studies
showed a greater likelihood of pain in OA knee joints which
exhibited magnetic resonance imaging (MRI) abnormalities such as
synovitis and bone marrow lesions2,8,9. However, a major gap is the
lack of knowledge whether, and if, how the innervation of the joint
is altered in the process of human OA.
Across different species, the joint is innervated by numerous
nerve ﬁbres, about 80% of which are unmyelinated12. Sensory thick
myelinated Ab ﬁbres with Rufﬁni-, Golgi- and Pacini-type endings
are located in ligaments, ﬁbrous capsule, menisci and adjacent
periosteum, but not in synovial tissue and cartilage, and they are
thought to function primarily as sensors for pressure and move-
ments12. Sensory Ad and C ﬁbres terminate as free nerve endings in
the ﬁbrous capsule, adipose tissue, ligaments, menisci, and the
adjacent periosteum12. To what extent the synovial layer is inner-
vated by sensory ﬁbres, has been disputed. Several microscopic
studies did not ﬁnd such ﬁbres in the synovial layer12 but the
staining for the neuropeptides calcitonin gene-related peptide
(CGRP) and substance P suggested the presence of sensory ﬁbres at
this site13e17. Most of the sensory Ad and C ﬁbres are thought to act
as nociceptors (see Discussion). In addition to sensory afferent ﬁ-
bres, the joint nerve contains numerous sympathetic post-
ganglionic nerve ﬁbres18. Fibres in close approximation to vessels
are considered sympathetic ﬁbres19,20. Efferent ﬁbres to the knee
joint were found to provide vasoconstriction21.
In the present study we addressed the innervation of human
knee joints with OA by performing light and electron microscopic
examinations of material obtained during joint replacement. We
focussed on the synovial layer. Because no normal joint tissue can
be obtained from humans we studied the innervation of the sy-
novial layer of the normal knee joint of the rat and the sheep. We
analysed the pattern of innervation in the material from human OA
joints taking into account pathological changes of the synovial
tissue.
Methods
Patients and experimental animals
Synovial tissues were obtained from 13 patients with OA who
underwent total knee replacement surgery between November
2011 and August 2012. Only patients with presumed idiopathic OA
were included, patients with post-traumatic or rheumatoid
arthritis (RA) were excluded. The patients were informed about the
purpose of tissue sampling and gave written consent after the na-
ture of all examinations was fully explained. The study was
approved by the Ethical Committee for Clinical Trials of the Frie-
drich Schiller University of Jena (1714-01/06 and 2443-12/08). All
patients completed a questionnaire to provide a measure of pain,
swelling, stiffness and physical abilities to calculate the “Knee
injury and Osteoarthritis Outcome score” (“KOOS”22; Table I). The
grade of OA was determined with X-ray [Kellgren/Lawrence (K/L)
score], and the International Cartilage Repair Society grading sys-
tem (ICRS23, for details see legend to Table I) by an experienced
physician. Standardised surgical technique of knee endoprosthetic
replacement was employed under general anaesthesia. Following
open exposure of the joint parts of the synovial tissue in the medial
and lateral parapatellar region and in the suprapatellar recess
was resected. In order to study the innervation of the healthy jointwe took synovial tissue from the knee joint of ﬁve normal adult
Wistar rats (75e90 days, 250e350 g) and of three Merino sheep
(3e4 years old, 75e95 kg).Histochemistry and immunohistochemistry
Human and animal tissue samples were ﬁxed with 4% para-
formaldehyde (PFA) in phosphate buffered saline (PBS) for 24 h at
4C. After washing with PBS, samples were dehydrated in
increasing concentrations of alcohol and embedded in Technovit
9100 methyl methacrylate (Heraeus Kulzer, Wehrheim, Germany)
according to manufacturer’s instruction. Using the microtome
Polycut S (ReicherteJung, Heidelberg, Germany) sections of 4 mm
were cut from polymerised Technovit 9100 blocks. Before staining,
polymer was removed with 2-methoxyethylacetate, and sections
were rehydrated in decreasing concentrations of alcohol.
For histochemistry, sections of materials from patients were
stained with Mayer’s Haemalaun solution and Eosin G (Merck,
Darmstadt, Germany). Synovitis was scored according to Krenn24. It
quantiﬁes the enlargement of the lining cell layer (in points, 0: only
one cell layer; 1: two to three cell layers; 2: four to ﬁve cell layers; 3:
more than ﬁve cell layers), the cellular density of synovial stroma
and pannus formation (0: normal cell density; 1: cell density
slightly enhanced; 2: cell densitymoderately enhanced; 3: high cell
density, multinuclear giant cells, pannus tissue), and leukocytic
inﬁltrate (0: no inﬁltration; 1: single lymphocytes or plasma cells;
2: aggregates of lymphocytes; 3: dense inﬁltration with lympho-
cytes or lymph follicles). The total score ranges from 0 to 9 (0e1: no
synovitis; 2e3: low-grade, 4e6: medium-grade, 7e9: high-grade
synovitis).
For immunohistochemical labelling, heat-induced antigen
retrieval was performed. Sections of human and animal tissues
were placed in the staining dish containing citrate buffer (10 mM,
pH 6.0), transferred to an autoclave and heated to 120C for 15 min.
After cooling down, sections were rinsed with Tris-buffered saline
(TBS, 20 mM, pH 7.6) and incubated with blocking solution con-
taining 10% normal goat serum þ 1% Triton X-100 in TBS for 30 min
at room temperature. Then sections were incubated with primary
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clonal antibody, 1:500, AbD serotec, Düsseldorf, Germany), tyrosine
hydroxylase (TH, rabbit polyclonal antibody, 1:200, Epitomics,
Burlingame, CA, USA) or CGRP (mouse monoclonal antibody, 1:100,
Acris Antibodies, Herford, Germany) in TBS containing 2% normal
goat serum and 1% Triton X-100 at 4C overnight. After washing
with TBS, sections were incubated with goat anti-rabbit immuno-
globulin G (IgG) conjugated with Alexa 488 (1:200, Invitrogen,
Carlsbad, CA, USA) or goat anti-mouse IgG conjugated with Alexa
488 (1:100, Invitrogen), respectively, for 2 h in darkness. After
additional washing, sections were stained with Hoechst 34580
(1:1000, Invitrogen) and embedded in ProLong Gold antifade re-
agent (Invitrogen). For control of speciﬁcity the primary antibodies
were left out. Such preparations did not exhibit labelled structures.
Immunostaining was analysed using the confocal laser scanning
microscope TCS SP5 (Leica, Wetzlar, Germany). Fluorescent dyes
were excited with an argon laser, ﬂuorescence signals were
detected between 500 and 555 nm using a 63 1.40 oil objective.
Analysis of nerve ﬁbre bundles
Quantitative analysis of nerve ﬁbre bundles was performedwith
the microscope Axioplan2 (Zeiss, Oberkochen, Germany). Immu-
nostaining of PGP9.5 from all sections of human samples was
photographed in three selected areas of 10.5mmusing a 20 dry
objective. In each area the distance of nerve ﬁbre bundles to synovial
surface was measured using the microscopic software Axiovision
(Zeiss). All detected nerve ﬁbre bundles were grouped into one of
the following categories: 0e50, 50e200, and 200e500 mm from the
surface. The total number of nerve ﬁbre bundles was calculated for
each category and each patient.
Analysis of the capillary network
For investigation of normal neuronal and capillary network,
synovial tissue of rat knee joints was ﬁxed with 4% PFA for 24 h at
4C. Without embedding, synovial tissues were labelled with
PGP9.5 (nerve ﬁbres) and isolectin IB4 (IB4, non-peptidergic nerve
ﬁbres25 and capillaries26). After blocking with 10% normal goat
serum þ 1% Triton X-100 in TBS for 30 min, synovial tissues were
incubated with primary antibody PGP9.5 (1:500, in TBS containing
2% normal goat serumþ 1% Triton X-100) at 4C overnight. Synovial
tissues were washed 3 in TBS and incubated with secondary
antibody (goat anti-rabbit IgG conjugated with Alexa 568; 1:200,
Invitrogen) for 2 h in darkness. Capillaries were stained with IB4
conjugated with ﬂuorescein isothiocyanate (1:20, SigmaeAldrich,
Taufkirchen, Germany) for 45 min in darkness. Finally the synovial
tissues were washed 3 in TBS and placed directly on a coverslip
with a drop of TBS and were immediately investigated using the
inverse confocal laser scanning microscope TCS SP5. Fluorescent
dyes were excited with an argon laser (488 nm) or a diode-pumped
solid-state laser (561 nm), respectively. The green ﬂuorescence
signals were recorded between 500 and 555 nm and the red ﬂuo-
rescence signals were recorded between 570 and 700 nm using a
20 0.7 dry objective or a 63 1.40 oil objective. Control prepara-
tions without primary antibodies did not show labelled structures.
Transmission electron microscopy
Human and animal tissues were ﬁxed with 4% PFA and 2.5%
glutaraldehyde for 24 h at 4C. After ﬁxation, samples werewashed
with cacodylate buffer (0.1 M, pH 7.4) and post ﬁxed with 1%
osmium tetroxide in cacodylate buffer for 2 h. During the following
ascending ethanol series samples were stained with 2% uranyl ac-
etate. The samples were embedded in Araldite resin (Plano,Wetzlar, Germany) according to manufacturer’s instruction. In
semithin sections (1 mm) stained with Richardson’s methylene blue
the synovial layer was identiﬁed. The areas of the samples were
then further trimmed down to 500 500 mm. Ultra-thin sections of
80 nm thickness were cut using the ultramicrotome Ultracut E
(ReicherteJung, Wien, Austria) and then mounted on Formvar-
carbon coated grids (100 mesh). Finally, sections were stained
with lead citrate for 4 min and investigated using a transmission
electron microscope EM900 (Zeiss).
Statistical analysis
The correlation between the number of nerve ﬁbres at different
depth ranges and the synovitis score was calculated using the
Spearman Rank correlation (SPSS 19). From each patient one
specimen was included. The Bootstrap method was used to calcu-
late the 95% conﬁdence interval. Signiﬁcance was accepted at
P < 0.05.
Results
Localisation of vessels and nerve ﬁbres in the synovial layer of rat,
sheep, and human
Sections were made from the synovial layer of the parapatellar
region from the knee joint of the rat and the sheep. Figure 1(A)
shows an electronmicroscopic image of the synovial layer of the rat
knee joint. Directly below the synovial lining cells there is a quite
regular distribution of capillaries (black arrows), and nerve ﬁbre
bundles or single nerve ﬁbres (white arrows) which are located
either close to the vessels or between the vessels. Figure 1(BeF)
shows nerve ﬁbre bundles and blood vessels in higher magniﬁca-
tion. The nerve ﬁbre bundles typically consisted of several unmy-
elinated ﬁbres [Fig. 1(C, E)] but occasionally a myelinated ﬁbre was
also included [Fig. 1(B)]. A similar pattern of small vessels and nerve
ﬁbres was found in the synovial layer of sheep knee joint [Fig. 2(A)].
Synovium from human OA knee joints exhibits regions which
appeared quite normal, as well as regions which are considerably
altered. In synovial tissue with a “normal” appearance [Figs. 2(B)
and 5(A)] the vessels and nerves were similarly arranged as in
normal rat and sheep knee joint suggesting similar patterns of
vessel distribution and nerve ﬁbres across species.
Distribution and types of nerve ﬁbres in the rat synovial layer
We used PGP9.5 as a general marker of nerve ﬁbres including
sensory afferent and sympathetic efferent ones. We aimed to label
non-peptidergic sensory neurons with IB425 but found that IB4
clearly labelled the capillaries (as described26). Figure 3 displays the
vessels in the synovial layer (green) and the nerve ﬁbres (red) of rat
knee joint [magniﬁcation 20 in Fig. 3(A), 63 in Fig. 3(B)]. The
vessels formed a regular network. Judged from the diameters, the
vessels were capillaries. Nerve ﬁbre (bundles) were running along
the vessels but were also crossing the vessels.
In order to identify the nerve ﬁbres as sensory or postganglionic
sympathetic, we used labelling for CGRP or TH. The neuropeptide
CGRP is contained in a large proportion of the peptidergic sensory
ﬁbres including joint afferents13,14,27,28. The enzyme TH is involved
in the production of norepinephrine in sympathetic efferent ﬁbres.
Figure 4 shows adjacent sections of synovial tissues from a rat, the
cell nuclei were stained with Hoechst 34580 for orientation. In
Fig. 4(B), nerve ﬁbres were labelled with PGP9.5 (green). Numerous
nerve ﬁbres were detected in the most superﬁcial layer as well as in
deeper layers (see arrows). The tissue in the white rectangle is also
displayed in Fig. 4(E). Figure 4(C) shows CGRP-positive nerve ﬁbres
Fig. 1. Electron microscopic image of the synovial layer of the normal rat knee joint (parapatellar region). Image A shows the synovial lining layer and nerve ﬁbre bundles (white
arrows) and small vessels (black arrows) in the layer underneath. Images BeF display the nerve ﬁbre bundles and vessels with higher magniﬁcation. Scale bars 10 mm in A, 2 mm in B,
D, F, 1 mm in C and E.
A. Eitner et al. / Osteoarthritis and Cartilage 21 (2013) 1383e13911386(green) in the superﬁcial as well as the deeper layer (see arrows),
Fig. 4(F) depicts the tissue in the rectangle. Figure 4(D) displays TH-
positive nerve ﬁbres (green) around a vessel in the deeper layer [see
arrows and Fig. 4(G)]. No labelling was observed when only the
secondary antibodies were used [Fig. 4(H and I)]. Thus sensory
CGRP-positive nerve ﬁbres were located at both the superﬁcial and
the deeper sites whereas TH-positive postganglionic nerve ﬁbres
were rather located at deeper layers, in association with small
vessels.
Vessels and nerve ﬁbres in the human OA joint
We could analyse the synovial material from 13 knee joints
which was resected during joint replacement. All patients had OA
at K/L stage 3 or 4. Data from these patients are displayed in Table I.
All joints had severe cartilage degeneration, and KOOS indicated
symptoms (swelling, stiffness etc.), pain, and a reduction of physicalFig. 2. Electron microscopic images of the synovial layer of sheep (A) and human (B) knee j
vessels (black arrows) in the synovial layer below the synovial lining cells (scale bars 10 mm
magniﬁcation (scale bars 500 nm).function (ADL). The histology of these preparations showed that
such material, concerning inﬂammatory changes, was very het-
erogeneous, sometimes even within material from the same joint.
We scored synovitis in each tissue specimen according to Krenn
et al.24.
The synovial layer in Fig. 5(A) appears quite normal (synovitis
score 0e1), the synovial layer in Fig. 5(D) shows a proliferation of
synovial lining cells, blood vessels as well as a formation of villi
(synovitis score 2). The synovial layer in Fig. 5(G) displays a strong
inﬁltration with inﬂammatory cells and pannus formation (syno-
vitis score 4). We screened these sections for the presence of cap-
illaries and nerve ﬁbres in the synovial layer. Figure 5(B, E, H) shows
in adjacent sections nerve ﬁbres stained with PGP9.5 (white ar-
rows) and nuclei stained with Hoechst. Figure 5(C, F, G) displays the
evaluation of these sections for the presence of PGP9.5-stained
nerve ﬁbres in an area of 3 mm (length)  0.5 mm (depth) of sy-
novial tissue. Figure 6 shows for all joints (n ¼ 13) the analysis ofoint (parapatellar region) showing nerve ﬁbre bundles (white arrows) and small blood
). The insets show the nerve ﬁbre bundles labelled with white arrow heads in higher
Fig. 4. Nerve ﬁbres in adjacent sections of a preparation of the synovial tissue from rat knee joint. A. Overview (transmission image). In BeI cell nuclei were stained for orientation.
B. Nerve ﬁbres labelled with PGP9.5 (green) in the most superﬁcial layer as well as in deeper layers (see white arrows). C. CGRP-positive nerve ﬁbres (green) in the superﬁcial as well
as the deeper layer. D. TH-positive nerve ﬁbres (green) around a vessel in the deeper layer. EeG show in higher magniﬁcation the areas marked in BeD by rectangles. H. Control
section labelled only with goat anti-rabbit IgG conjugated with Alexa 488. I. Control section labelled only with goat anti-mouse IgG conjugated with Alexa 488.
Fig. 3. Vessel network and nerve ﬁbre bundles in the synovial layer. A. Magniﬁcation 20. B. Magniﬁcation 63. Vessels (green) are stained with IB4. Nerve ﬁbre bundles (red) are
stained with PGP9.5.
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Fig. 5. Sections from three different OA joints from humans and evaluation of the density of PGP9.5-stained nerve ﬁbres. A. H&E-stained section of synovial tissue with normal
appearance (score 0e1). B. Nerve ﬁbres in the adjacent section shown in A. C. Quantiﬁcation of nerve ﬁbres in such synovial tissue in an area of 1.5 mm2. D. H&E-stained section of
synovial tissue with proliferation of synovial lining cells, blood vessels as well as a formation of villi (synovitis score 2). E. Nerve ﬁbres in this section. F. Quantiﬁcation of nerve ﬁbres
in such synovial tissue in an area of 1.5 mm2. G. H&E-stained section of synovial tissue with strong inﬁltration with inﬂammatory cells and absence of fat (synovitis score 4). H.
Complete absence of nerve ﬁbres down to 1.5 mm in this section. I. Quantiﬁcation of the nerve ﬁbres.
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relation to the synovitis score. In samples with no pathological
changes numerous nerve ﬁbres were found close to the synovial
surface. In contrast, in altered synovial tissues (synovitis score >1)
nerve ﬁbres were only observed in deeper layers. The numbers of
ﬁbres were negatively correlated to the synovitis score (Spearman
Rank correlation) at depth ranges of 0e50 mm (P ¼ 0.022) and 50e
200 mm (P ¼ 0.002), and in total (P ¼ 0.035), but at 200e500 mm no
signiﬁcant correlation was found (P ¼ 0.501, for conﬁdence in-
tervals see legends to Fig. 6).
Discussion
The present study visualised the dense network of capillaries
and nerve ﬁbres in the normal synovial tissue of rat and sheep knee
joint. Part of the nerve ﬁbres was identiﬁed as unmyelinated CGRP-
positive sensory ﬁbres. In deeper layers TH-positive sympathetic
ﬁbres were observed in the vicinity of vessels. The synovium of
human osteoarthritic knee joints exhibited various degrees of
inﬂammation. While non-inﬂamed synovium showed a similar
vascular and neuronal network as in normal rat and sheep kneejoint, regions of inﬂamed synovium from OA joints exhibited a
destruction of the network of capillaries and a dramatic loss of
nerve ﬁbres.
The main purpose of the study was to characterise changes of
innervation in human OA joints. However, as previous studies we
could not obtain tissue from healthy human knee joints. In studies
on inﬂammation such as RA, tissue from OA joints was sometimes
used as non-inﬂamed controls, but we found signs of inﬂammation
in the tissue from all the OA joints. Therefore we used for reference
synovium from normal knee joints of rats and sheep and checked
whether the rare non-inﬂamed areas of synovium of human OA
joints show similar patterns of the vasculature and nerves. Because
the degree of inﬂammation differed in the samples we assessed the
innervation density always in relation to the degree of local syno-
vitis, and in addition we analysed different depths separately. Such
an approach was not used before to our knowledge.
The synovium of the normal rat and sheep knee joint and (rare)
non-inﬂamed synovium from OA joints showed a similar capillary
and neuronal network. Detailed analysis of rabbit knee joints
revealed a very rich capillary bed located very superﬁcially over
areolar or adipose tissue, and a rapid decay of capillary density at
Fig. 6. Density of nerve ﬁbre bundles in the synovial layer of 13 OA joints with different grades of synovitis at different depth ranges from the synovial lining layer. AeD. Nerve ﬁbre
bundles at a depth range of 0e50, 50e200, 200e500, and 0e500 mm. The data were normalised to 1 mm of synovial surface. For clarity the symbols were slightly shifted. The linear
regression line, the Spearman Rank correlation coefﬁcient and its P values are presented. The upper and lower limits (95% conﬁdence intervals) for R are 0.885/0.089 (0e50 mm),
0.947/0.361 (50e200 mm), 0.805/0.476 (200e500 mm) and 0.916/0.019 (0e500 mm).
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supply of ﬂuid to the joint cavity and of nutrients to the distant,
avascular cartilage30,31.
Nerve ﬁbres in the synoviumwere identiﬁed by PGP9.5 staining
and electron microscopy. The latter showed that almost all nerve
ﬁbres were unmyelinated and formed bundles. Thus PGP9.5-
stained structures may represent rather nerve ﬁbre bundles than
single nerve ﬁbres. About half of the PGP9.5-positive nerve ﬁbres
could be identiﬁed by staining of adjacent sections with antibodies.
CGRP-positive ﬁbres (representing peptidergic sensory afferents)
were found below the synovial lining layer and in deeper areas. IB4
staining labelled the capillaries26 (thrombomodulin staining for
vessels showed the same pattern, unpublished observation) but we
could not clearly identify IB4-positive non-peptidergic sensory
nerve ﬁbres. Thus the knee synovium is mainly innervated by
peptidergic sensory ﬁbres, similar as the hip joint32 and the bone33
whereas the skin is innervated by both peptidergic and non-
peptidergic sensory ﬁbres33. CGRP is a potent vasodilator by
microvascular actions34 (however whether it acts on capillaries
themselves is unknown) and it may promote angiogenesis35. The
data suggest, therefore, that these sensory nerve ﬁbres are involved
in the control of the local milieu.
TH-positive nerve ﬁbres were usually close to small vessels
which are most likely capillaries because we could not identify
smooth muscle cells. While sympathetic nerve ﬁbres commonly
innervate small arterioles and regulate the vessel diameter36, the
function of a sympathetic innervation of capillaries is not known.
Bradykinin-evoked plasma extravasation in the knee joint (from
postcapillary venules) was inﬂuenced by surgical sympathectomy37
but it was not modulated after chemical sympathectomy38. Thus
the role of the sympathetic nerve ﬁbres in the synovium is unclear
and must be further studied.
Synovial tissue from OA joints showed remarkable differences
ranging from a relatively normal appearance to strong inﬂammatorychanges (the amount of inﬂammation was consistent with previous
data24). In inﬂamed synovium the ﬁne vascular network was absent.
Instead we sometimes observed larger vessels but we could not
identify sympathetic nerve ﬁbres in their vicinity. Thus inﬂamed OA
synovium exhibits a loss of normal and normally innervated
vasculature.
Neither PGP9.5 staining nor electron microscopy (performed in
some joints) showed the presence of nerve ﬁbres in such inﬂamed
tissue. Previously a strong reduction of the density of the neuro-
peptides substance P and CGRPwas observed in the synovium from
patients with RA14,16,17. The reduction of neuropeptides may indi-
cate the depletion of neuropeptides or the loss of innervation. In
properly ﬁxed synovial material from rats with polyarthritis a
reduced density of innervation was found using PGP and neuro-
peptide antibodies for labelling28,39. Other authors found mainly a
loss of sympathetic nerve ﬁbres in arthritic joints, resulting in the
prevalence of sensory substance P-positive ﬁbres40. From the
spatial distribution (depth ranges) the present study suggests a
reduction of both sensory and sympathetic ﬁbres in OA synovium.
Thus, while earlier studies concluded that inﬂamed synovium from
RA patients exhibits a reduction of nerve ﬁbres whereas non-
inﬂamed synovium from OA joints shows an intense peptidergic
innervation14,41 we found in the present study that the synovium
from OA joints is inﬂamed at many sites and that the innervation
density is strongly reduced, similar as in RA.
The present ﬁndings give rise to several conclusions and sug-
gestions. First, in our opinion it is questionable whether OA pain is
initiated by stimulation or sensitisation of nociceptive ﬁbres in the
inﬂamed synovial layer itself. On the basis of the analysed synovial
samples we did not ﬁnd a correlation between the pain in the KOOS
score and the density of nerve ﬁbres (nor between the pain and the
grade of synovitis). This may not be surprising because OA pain
similar as other chronic pain states is the result of complex pe-
ripheral and central nociceptive mechanisms3,42. However, some
A. Eitner et al. / Osteoarthritis and Cartilage 21 (2013) 1383e13911390peripheral input seems to contribute because many patients show a
signiﬁcant reduction of pain after joint replacement43 even if in a
substantial number of patients pain relief may not persist44. Because
the innervation density decreases in inﬂamed synoviumwe assume
that nerve ﬁbres in other structures are important. Many nocicep-
tive ﬁbres of the normal joint respond to strong pressure and
noxiousmovements, and their sensory endings are thus presumably
located in ﬁbrous structures which are stretched by such stimuli
(see Introduction). During inﬂammation such nociceptors are sen-
sitised and respond even to innocuous mechanical stimuli12. In
awake humans pain sensations in the normal knee joint were
particularly elicited by mechanical, thermal and chemical stimula-
tion of ﬁbrous structures (ligaments and ﬁbrous capsule) but rarely
by mechanical stimulation of the synovial layer45. Currently we do
not knowwhether the innervation of the ﬁbrous structures changes
during OA. Interestingly, in mice with complete Freund’s adjuvant-
induced arthritis “hot spots” were identiﬁed at the synoviale
meniscal interface in which sensory as well as sympathetic ﬁbres
showed sprouting resembling neuroma formation46. Whether
similar changes occur in human or animal OA joints is unknown.
Studies on the monoiodoacetate (MIA) OA model suggested the
presence of a neuropathic component in OA because they found an
expression of the “nerve damage marker” activating transcription
factor 3 (ATF3) in dorsal root ganglia47,48.
Second, it is conceivable that the destruction of the capillaries
and the loss of the vasodilatatory CGRP containing afferents as well
as of sympathetic efferents have a profound inﬂuence on the milieu
in the joint. The synovial ﬂuid is a plasma ultraﬁltrate into which
hyaluronan is secreted, and it is responsible for the nutrition of the
superﬁcial cartilage30,31. Whether CGRP and norepinephrine may
even inﬂuence chondrocytes should be explored. Chondrocytes
from newborn mice express neurokinin-1 receptors for substance P
(which is usually coexpressedwith CGRP in nerve ﬁbres) and a- and
b-receptors for catecholamines, and in such cultured chondrocytes
substance P increased the rate of proliferation whereas norepi-
nephrine decreased the apoptosis rate49. It may be asked whether
the nerve ﬁbres in the superﬁcial synovium are a source of such
mediators. Further research should investigate the role of the
innervated capillary network for the long-term integrity of the
joint. Furthermore it will be highly interesting to identify the
mechanisms which destruct the normal vascular and neural
network. This will also require suitable OAmodels becausematerial
from patients will always show the result of a long disease process.
Thus, it was suggested, e.g., that a relative reduction of nerve ﬁbre
in a tissue may also result from proliferation of the lining layer and
stroma cells without a concomitant growth of nerve ﬁbres50. This
will be addressed by quantifying changes of nerve density at short
intervals in an animal model.Authors’ contributions
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